INTRODUCTION
New technologies allow wireless monitoring systems to shrink in size, cost and energy requirements. One objective is to build a complete wireless unit (sensor, RF transceiver, analogue to digital converters ADC, digital to analogue converters DAC and base band processors) in a single chip with limited size. Disposable units can be used in battery powered wireless sensing and monitoring systems. One of the main issues in using those units is how to maximize their operational lifetime.
Recently, the multiple-input multiple-output (MIMO) technique has been proposed to minimize the power requirements of the wireless sensor networks [1] . Results obtained by simulation in [I] show that due to the relatively high power requirements of the additional circuitry, the overall performance of MIMO system was inferior to that of SISO when working in short range applications. All simulations in [1] were carried out assuming a path loss exponent equal to two, i.e. only free space propagation was considered. This point cannot be justified because all measurements, whether indoor or outdoor, show that the square law relation does not give a correct estimation of the path loss. The path loss exponent was shown to vary in the range 2-4 [2] . Also, in [1] (OUCA = LA-2-(1-i)1 (2) where n is number of elements in the array, i andj are the sequence of elements in the array (1, 2, 3 ...n). Also in this simulation, we will assume a fixed diameter D for the array. Elements of the array are distributed uniformly on the circumference. The spacing d between the i and j elements in the array can be found from the following relation, see Fig. 1 ;
n From the channel matrix, the instantaneous receiver signal to noise ratio ( SNRi ) is calculated using the following equation [4, 5] ;
where Eb is the required energy per bit at the receiver to achieve the required bit rate, No is the noise energy, and Eigeni is the if eigenvalue of the channel matrix and k is min(N, Ml. Note that for the SISO system M= 1 in (4).
For MIMOcsi,, the water-filling algorithm can be used to maximize the capacity and in this case [5] ;
where Ebi is the portion of energy allocated to the data transmitted from the if antenna.
The two-slope path-loss model [2] 
The superscript (H) in (10) indicates the Hermitian operation.
In this paper, we have assumed that there are many systems working nearby to the system under consideration. Distribution of the systems and frequency allocation were chosen according to the 7-cell reuse system, although any other configuration can be assumed. Therefore, under full load conditions the desired user will suffer from six cochannel interferers [7] , i.e. K=6. The following scenarios were considered in this paper. The first one is MIMO without CSI and the power is assumed to be equally divided between elements of the array. Hence, (9) and (10) can be written as;
( 1 1) where Eb is the total energy per bit transmitted from each sensor.
The position of the desired user is assumed to be random within its cell. Its position relative to the center of the cell is rd where 0 < rd < R assuming that the cell has a radius equal to R. The distance between center of the desired cell and center of any of the interfering cells is D and its value can be calculated as D = v2IR [7] .
Assuming that the i-th cochannel sensor is at a distance ri from the center of its cell, the desired sensor and the i-th interferer are assumed to be at angles 0d and oi respectively with respect to D, (see Fig.2 In this equation, the same average path loss between any antenna element in transmitter of the interferer and any antenna element in the desired receiver is assumed. This assumption comes from the fact that the effect of fast fading was included in the channel matrix. The signal to interference and noise ratio (SINR) can be calculated from (7) by summing all the positive eigen values. Using (7), (8) The second scenario is MIMO,,i. In this case the water-filling algorithm can be used, i.e. non-uniform distribution of power between array elements. It has been shown that if the maximum ratio combining MRC is used in the receiver to maximize the SINR then [7] ;
4. ELECTRONIC CIRCUITRY
In the simulation, the SISO transmitter and receiver electronics used are as shown in Fig.3 . For the MIMO system there will be N parallel branches of the receiver circuits and M branches of the transmitter circuits as shown in Fig.3 . The power requirements for different parts of the electronic circuitry of SISO or MIMO system are as given in [8] .
The following equations are used to estimate the energy requirements [1] . where the parameter to be minimized is Eb, the total energy consumption per bit, a defines the amplification characteristics of the power amplifier at the transmitter, Mar is the safety margin for the system, Nf is noise figure of the receiver, Gt,Gr are the gains of an antenna element at the transmitter and receiver side respectively, d is the transmitter-receiver distance, A is the wavelength n is the path-loss exponent, Rb is the bit rate conditions. It is clear that the SISO system needs minimum energy for operation over very short distances, i.e. less than 20m. This is because at short distances most energy is needed for the electronic circuitry. As the SISO has the minimum hardware, then it is expected that it will require little energy. The next best system is the MIMO,,i when using a two-antenna array. This is mainly because this system chooses propagation through a channel that gives it the highest possible SNR. The four-antenna array the MIMO system requires more hardware and so more energy to activate and when the distance is short enough the energy needed by the circuitry will be a major part in the overall energy requirement. As the distance increases, the energy needed to compensate for the path loss increases until it dominates the total energy requirement.
At that distance MIMO,,i will be the preferred system. Under a severe propagation condition, i.e. when the path loss exponent increases, the energy needed to overcome the increased path loss will be high compared to the case of a soft propagation condition. In this case the ability of the MIMO system in difficult propagation situations appears more obvious and the use of a four-antenna array improves the performance even more.
CONCLUSION
A theoretical model has been presented to estimate the energy requirements of MIMO systems when used in wireless sensor networks (WSN) assuming clustered channel modeling, with Rician distribution and cochannel interference. The effect of different propagation environments has been simulated. Results from the simulation have shown that the SISO is only useful with short range systems (less than 20m). The MIMO system with channel state information has the best performance for applications that require range more than 20m and under different propagation conditions. The results presented in this paper have indicated that increasing the number of antennas for MIMO systems has a negative effect on the performance under free space propagation, whereas it has a positive effect, especially for MIMO with channel state information, under "severe" conditions. 
